Atomically resolved images on a MgO(001) thin film deposited on Ag(001) obtained in ultrahigh vacuum by frequency modulated atomic force microscopy at low temperature are presented and analysed. Images obtained in the attractive regime show a different type of contrast formation from those acquired in the repulsive regime. For the interpretation of the image contrast we have investigated the tip-sample interaction. Force and energy were recovered from frequency shift versus distance curves. The derived force curves have been compared to the force laws of long-range, short-range and contact forces. In the attractive regime close to the minimum of the force-distance curve elastic deformations have been confirmed. The recovered energy curve has been scaled to the universal Rydberg model, yielding a decay length of l = 0.3 nm and E = 4.2 aJ (26 eV) for the maximum adhesion energy. A universal binding-energy-distance relation is confirmed for the MgO(001) thin film.
Introduction
Frequency modulated atomic force microscopy (FM-AFM) has shown its ability to image surfaces of different materials at the atomic level [1] [2] [3] [4] . However, proper descriptions of the tip-sample interaction and contrast mechanisms are still under discussion. In scanning tunnelling microscopy, the model of Tersoff and Hamann [5] provides a simple picture of operation based on topography and local density of states at the surface. Yet, for the AFM such a simple model does not exist. The level of complexity needed to calculate the tipsample interaction in FM-AFM depends on the properties of the system being studied [6, 7] . For the interaction of ionic systems atomistic simulation methods based on a classical interatomic potential treatment and the shell model for ionic polarization allow for a qualitative description. Although even quantitative agreement with experiments has been achieved in some cases, these models remain highly idealized. Quantitative modelling of specific images relies on parameters which cannot be determined easily in experiment. For example, the tip radius and its actual separation from the surface are not directly known. Also the chemical nature of the tip significantly affects the images and it may even reverse contrast [8] . For a quantitative understanding of FM-AFM and its applications there is thus considerable interest in experiments which cast light on these phenomena. In this study, we present atomically resolved FM-AFM images and force-distance curves obtained from the surface of a thin MgO film and address different imaging contrast mechanisms.
Experimental setup
The experiments were performed in a custom-made Eiglerstyle ultrahigh vacuum low-temperature microscope [9] , which is equipped with a double quartz tuning fork sensor. microscope allows operation in STM and AFM mode. The sensor has a resonance frequency of f 0 = 17 444 Hz, a Qfactor of Q = 12 500 and a stiffness of k = 30 000 N m −1 . The spring constant has been calibrated by observing the frequency shift in the resonant frequency when adding a known mass to the force sensor [10] . Such an experiment has been performed by adding a metallic sphere to a double tuning fork test assembly. The obtained results are also in good agreement with finite element calculations [11] . Our double quartz tuning fork setup works at small oscillation amplitudes in the range of A = 0.4 nm. A cut Pt/Ir wire with a diameter of 0.25 mm has been used as a tip. A schematic setup of FM-AFM operated in a self-exciting oscillation mode is provided in figure 1 . The detected oscillation amplitude signal is fed into an automatic gain control (AGC) circuit and is used to excite the spring system mechanically by a dither-piezo. A phase shifter ensures that the spring system is excited at its resonance frequency [12] . Further details of the experimental setup have been described elsewhere [13, 14] .
The Ag(001) substrate was cleaned by repeated Ar + sputtering (800 V, 10 µA cm −2 ) and subsequent annealing to 700 K. MgO films were grown by reactive deposition of Mg in an oxygen pressure of 1×10 −6 mbar at a substrate temperature of 550 K. The MgO deposition rate was 0.75 ML min −1 . The AFM measurements were carried out at 5 K.
Results and discussion
Figure 2(a) shows a high-resolution image controlled to a constant frequency shift in the attractive mode ( f = −3.7 Hz) of the surface of 4 ML MgO(001)/Ag(001). The grey scale gives the z-displacement. It is a general finding in FM-AFM imaging of ionic surfaces that only one type of ion is imaged [15] [16] [17] . The FM-AFM imaging process in the attractive regime of ionic tip-surface systems has been well described in the literature [18] . The two dashed rectangles in figure 2(a) mark the position of the two different ionic species. While one type of ion is imaged as a protrusion (bright), the other one is given by a depression (dark). Figure 2 (b) provides a schematically illustrated growth model of MgO on Ag(001). The assignment of the dashed rectangles is randomly picked. From the presented measurements we cannot directly determine if the protrusions correspond to O-or Mg-sites.
To gain some more insights into the imaging contrast, we varied the frequency shift set-point. The switching between the attractive and the repulsive mode has been performed by adjusting the set-point of our feedback electronics [14] . In figure 3 (a) an image of MgO obtained in the repulsive mode ( f = +3.7 Hz) is given. The switching between the attractive and the repulsive regime imaging has been repeated several times and the obtained data reveal a similar conversion in the imaging contrast. The mechanism of contrast formation of ionic surfaces is known for FM-AFM imaging in the attractive mode [15] . However, for FM-AFM images contrast formation in the repulsive mode has only been studied for CaF 2 and MgO so far [19, 14] . The features of the observed imaging contrast in the repulsive regime behave like a typical stick-slip movement [20] . These have been analysed in figure (2) to the minimum of the force-distance curve. (c) The best fit using equation (2) movement of an AFM tip on the sample surface. It reveals indeed that the AFM tip moves in a stick-slip type movement over the sample surface [22, 23] . In such a case the image contrast is dominated by the preferred paths of the tip over the sample surface. A schematic illustration of this tip movement is given in figure 3(b) for the x-direction.
For a more detailed interpretation of tip-sample interactions, distance-dependent frequency shift measurements have been performed. To calculate the interaction force F(D) between the tip and the sample, formula (1) has been used [24] . This formula allows the determination of F(D) from the frequency shift, and is valid for any oscillation amplitude. The expression for the force in terms of the frequency shift is given by
where D is the distance of closest approach between the tip and the sample, z is the tip-sample distance, and F is the interaction force between the tip and the sample. The derived force-distance curve is plotted by a dotted line in each of the four graphs (a)-(d) of figure 4 . A small kink in the curve close before the minimum has been magnified in graphs (a) and (c).
For the identification of different force contributions we started to fit the experimental force curve with different types of force laws. A suitable description of the force between the tip and the sample is provided by a combination of a long-range (van der Waals) and a short-range (Lennard-Jones) term. This results in the sample force
where A H is the Hamaker constant, R the tip radius, E 0 the binding energy, and r 0 the equilibrium distance of the Lennard-Jones potential [25] . This model is valid as long as the tip and the sample are not in contact and elastic contact forces can be neglected. In figure 4(b) a comparison of the force-distance curve with the force law of equation (2) (dashed line) is given, where the parameters have been set to fit to the minimum of the force-distance curve. Both the repulsive and attractive parts of the recovered force-distance curve cannot be correlated by the curve shape calculated from equation (2) . In figure 4 (c) a fit to the attractive part of the force-distance curve has been performed. The attractive regime of the force-distance curve is very well matched, but only before the minimum is reached. The deep and wide minimum of the recovered force curve cannot be described accurately by equation (2) . The experimental data of the recovered force curve cannot be fully fitted by the LennardJones force, which has a steep increase in the repulsive regime.
Selecting another short-range interaction potential like the Morse [26] or the Stillinger-Weber potential [27] does not lead to a better agreement. It is obvious that elastic deformations contribute to the tip-sample interaction even close before the minimum of the force-distance curve is reached. The kink marked in the inset of figure 4(a) seems to indicate a transition point at which the elastic deformations contribute significantly to the tip-sample interaction. However, we have to admit that not all obtained curves provide a kink at the same position. Nevertheless, for a stable tip-sample configuration the shape of the curves is reproducible. If the tip comes closer to the sample surface, the attractive force between the tip and the sample dominates. The marked point seems to indicate a critical tip-surface distance at which surface ions strongly displace from their equilibrium position, causing a change in the tip-surface interaction. Calculations for an ionic nanotip interacting with an ionic surface predict strong displacements of surface ions in the tip and the sample at small tip-surface distances [28] . The atomic resolution in the attractive regime has been obtained at a set-point around the position where the kink in the force-distance curve appears. Also in STM imaging elastic deformation of the tip apex mediated by adhesive tipsample interactions is made responsible for the resolution of atomic corrugation [29, 30] . Similar effects have been reported by Sugawara et al for atomic resolution FM-AFM imaging of the InP(110) surface [31] . For the interpretation of the purely repulsive regime we have used the Hertz theory [32] , where elastic tip-sample forces are considered. Such a model has been successfully used to describe the tip-sample contact of an AFM [33, 34] . It results in a contact force law of the type
for z z 0 [35] . F ad is the maximum adhesion force between the tip and the sample surface, z 0 is the distance of separation at point F ad , and g 0 is a constant that depends on S103 the elasticity of the tip and the sample and on the shape of the tip. A fit of equation (3) to the recovered force-distance curve is shown in figure 4 (d) by a solid line. The good agreement with the experimental force curve demonstrates that the elastic contact force given by the Hertz theory describes the tip-sample interaction for the repulsive regime very well. This proves that the small amplitude FM-AFM image contrast obtained in the repulsive mode behaves like elastic contact mode imaging. Fitting a linear force law to the measured data leads to a contact stiffness of ≈58 ± 1 N m −1 . Nevertheless, in the repulsive mode the contrast formation tends to be more complicated. Here the tip is oscillating with a certain amplitude at close approach with respect to the sample surface. The grey shaded areas in figure 5 mark the force range at which the tip is oscillating over the sample surface in the attractive ( figure 5(a) ) and the repulsive ( figure 5(b) ) imaging regimes, respectively. For small oscillation amplitudes and the given set-point in the repulsive regime, the tip-sample distance stays always in the repulsive, contact-like, regime. Here, the tipsample interaction is dominated by the repulsion between the surface and the tip ions. Due to a more complex inward displacement, a lateral in-plane distortion of the surface ions should be considered, when the repulsive force between the tip and the surface is originated. At such a close approach the situation becomes even more complicated due to substantial deformation of atoms both at the tip apex and the surface underneath. Elastic tip and sample deformations with a stickslip type movement are likely to contribute to the imaging contrast. When the tip is dragged over the periodic potential defined by the atomic structure of the sample surface and the contact geometry, the tip tends to stick at a certain surface position until the force exerted by the moving support is high enough to slip to the next atomic position. The elastic energy stored in the system dissipates into tip and surface atoms by multiple phonon generation [36] . This atomic scale friction is often explained by the Tomlinson mechanism [21] . The shape of the force-distance curve in the repulsive regime implies that the tip strongly interacts with the sample surface. However, there is no indication of an adhesive neck formation between the tip and the substrate, which would be seen as a sharp increase in the attractive force due to surface tension. The absence of steps due to plastic deformations in the repulsive regime and hysteresis effects between forward and backward traces of the force-distance curve prove that the formation of an adhesive neck can be excluded. A universal behaviour is predicted for the binding energy against distance curves of metallic systems [37] . In ab initio calculations, a simple two-parameter scaling is used to describe the adhesion and cohesion of metals, as well as the chemisorption of gas atoms on metal surfaces. Here we have started to analyse the binding energy-distance relation for a thin ionic film by recovering energy curves from measured frequency shift versus z-displacement. Integration of equation (1) gives the corresponding expression for the interaction energy E(D) between the tip and the sample:
The recovered energy curve versus z-displacement shown in figure 6(a) can be scaled by
and
with E being the maximum adhesion energy, z the interatomic separation distance, z m the distance of separation at E, and l a distance scaling parameter [38] . It was found that such a scaling of adhesion energy curves reduces them to a universal curve shape which is well described by the Rydberg function [39, 38] :
In figure 6 (b) the resulting relationship between scaled energy and distance is plotted, which is very well fitted by the Rydberg function with E = 4.2 aJ (26 eV) and l = 0.3 nm. The scaled energy versus distance curve falls on top of the universal Rydberg function described by equation (7) . This suggests that while the magnitudes of adhesive energy and force are sensitive to tip geometry, material, and sample site being probed, the variation of the energy, or of the force, with tip-sample separation has a universal form independent of these variables, including tip shape. The good agreement S104 of the scaled curves in figure 6 also implies that the tipsample contact is free of wetting effects and large plastic deformations. The determined scaling length, also referred to as decay length, is well in range with other experimentally determined values; for example, Schirmeisen et al reported a decay length of about 0.2 nm and maximum adhesive energy of E = 3.4 aJ (21 eV) for an atomically defined W(111) tip interacting with a Au(111) sample [40, 41] . Loppacher et al have measured a decay length of l = 0.3 nm for shortrange metallic forces on Cu(111) and Cu(100) [42] . However, the experimentally determined decay lengths are significantly larger than the values predicted by theoretical models [39] . The relatively high decay length of 0.3 nm and an adhesive energy of E = 4.2 aJ (26 eV) cannot be explained by the interaction of one single apex atom of the tip with the sample surface. Therefore, it is likely that the determined values are caused by contributions from several tip and sample surface atoms. Substantial deformation of many atoms both at the tip apex and the surface underneath as well as the influence of the substrate has to be taken into account.
In conclusion, atomically resolved images on MgO(001) acquired in the attractive and the repulsive regimes reveal contrast changes. The importance of the tip-induced relaxation of the surface ions in the tip-surface interaction and in image contrast has been analysed. For the detailed interpretation of tip-sample interactions, distance-dependent frequency shift measurements have been performed. From the experimental data, the interaction force and energy between the tip and the sample have been recovered. The derived curves have been compared with specific force laws. The results demonstrate that elastic forces contribute significantly to the tip-sample interaction, even before the minimum of the force-distance curve is reached. A close relation between elastic deformations could be established at a distance where atomic resolution has been obtained in the attractive regime. The image contrast in the repulsive regime has been identified to be obtained in a contact-like mode, where a stick-slip-type motion seems to contribute significantly. The determined decay length and adhesion energy of the universal Rydberg fit emphasize the contribution of more than just one tip and sample surface atom.
